This study invests the effect of barrier growth temperature on the properties of InGaN/GaN MQW. Increase the growth temperature will reduce the well thickness and result in the blue shift of the PL peak. This blue shift in PL peak wavelength may be resulted from the stain occure during varying barrier growth temperature rather than only the reduce the well width. Moreover, we introduce a phase separation enhance layer into InGaN/GaN MQW. This layerjoin with the variation ofbarrier growth temperature will enhance the phase separation in InGaN/GaN MQW. There are two peaks clearly revealed in RT PL spectra. The higher energy peak might originate the InGaN quasi-wetting layer on the GaN barrier surface. The other one is interpreted of localize state at potential fluctuation owning to phase separation.
INTRODUCTION
Group Ill-nitrides are highly promising for applications from green to ultraviolet light-emitting diodes (LED)11'21 and laser diodes (LDs)131, because of the wide bandgap varying from 1.9eV, of InN, to 6.3eV, of A1N. The InGaN and InGaN/GaN multiple quantum wells (MQW) have been used as the active layer for these optoelectronic devices. Although the successful achievement in Nitride-based devices, the progress of blue and green laser diodes are often limited by the fundamental problems of InGaN. First of all, the low miscibility of InN in GaN [41 leads a low growth temperature (below 1000°C) to obtain a higher indium mole fraction of InGaN films. However, this lower temperature usually accompanies with the poor crystalline quality of the epilayer. At this low temperature, the decomposition rate of ammonia (NH3) is so low that InGaN grown at this temperature tend to lack of nitrogen atoms. It is known that, the higher equilibrium vapor pressure of the nitrogen is required to prevent the dissociation of the In-N bond. Furthermore, the formation of indium droplet at temperature below 800°C become the other problem of growth InGaN The conventional method to growth the barrier layers and well layers of multiple quantum wells in ITT-V compound semiconductor is controlling the alkyl source flow into reactor or not. This is because the optimized growth conditions, including growth temperature, pressure and ambient, ofbarrier and well layers are very similar. However, the growth of multiple quantum wells in TIT-Nitrides is much more difficult. As mention above, owing to the low miscibility of InN in GaN, lower growth temperatures are required for the indium-contained nitrides. This lower temperature usually results in very poor crystalline quality. In addition, the growth temperature of GaN is required exceed 1000°C . To growth the GaN barrier in InGaN/GaN MQW at such low temperature will result in degradation of optical properties of MQW as well. Therefore, we try to increase barrier growth temperature and discuss how the growth temperature affects the optical properties of the InGaN/GaN MQW.
Furthermore, the emission mechanism of InGaN/GaN MQW is remaining unclear owning to the complex material physics. Such as the quantum confined Stark effect due to the piezoelectric field in strained wurtzite This study invests the effect ofbarrier growth temperature on the properties of InGaN/GaN MQW. Increase the growth temperature will reduce the well thickness and result in the blue shift ofthe PL peak. Moreover, we introduce a phase separation enhance layer (PSEL) into InGaN/GaN MQW. This layer joined with the variation of barrier growth temperature will enhance the phase separation in InGaN/GaN MQW.
EXPERIMENT
InGaN/GaN MQW were grown on a sapphire (000 1) substrate by low pressure metalorganic chemical vapor deposition (MOCVD) in an EMCORE D180 system. The pressure ofgrowth was carried out at 100-300 ton. N2 and H2 was used as carrier gas. Trimethylgallium (TMGa), Trimethylindium (TMIn), ammonia (NH3) and silane (SiH4) were used as Ga, In, N, and Si sources, respectively. The substrate was initially heated to 1080°C in the hydrogen ambient for 1 mm and then lowered to 51000 to grow the GaN nucleation layer. Next, the temperature was elevated to 1020°C in order to grow 2 pm unintentional doped buffer GaN. Finally, the temperature ramp down to the 700-900°C to grow InGaN/GaN MQW structures. To enhance the indium incorporation efficiency into InGaN well layers, the carrier gases were changed from H2 to N2. The growth temperature of InGaN well was 700°C , and the temperature of GaN barrier layer were ranged from 700°C to 950°C . The MQW structure was terminated with an undoped GaN barrier layer. Linear ramp up or down the temperature was used in this study. Figure 1 displays the sequences of the temperature ramping process during growing InGaN/GaN MQW. The temperature stable time was necessary after ramping up or ramping down the temperature. The PID value of temperature controller was optimized for varying temperature. The sources flow rate for each MQW samples are the same. The silane flow rate was controlled to achieve a doing concentration to 3x1017 cm3 during GaN barrier growth.
Each sample was characterized by double-crystal x-ray diffractometer and room temperature (RT) photoluminescence (PL) measurement to determinate the crystalline quality and the In mole fraction in MQW structures. PL was measured at room temperature with a 325nm line of a He-Cd laser. The InGaN/GaN MQW for non-varied barrier growth temperature sample consist 10 periods of 3 nm thick InGaN well layers and 10 nm thick GaN barrier layers. Figure 2 illustrate (0002) reflection double-crystal X-ray diffraction of 10 period InGaN/GaN MQW structures with and without varying the barrier growth temperature. The strongest peak is resulted from GaN buffer layer. Both samples reveal high-order satellite diffraction peaks. The satellite peaks arise from the periodicity of the quantum well superlattice. The quantum well superlattice period could be determined form the positions of these satellite peaks by Eq (1)
where L is the summation of well and barrier thickness, X is x-ray wavelength, EO is the angle difference of two adjacent satellite peaks, and 0B is Bragg angles of (0002) GaN. Calculated the superlattice period of non-varied barrier growth temperature MQW samples and varied barrier growth temperature are 13.2 nm and 12. 8 nm, respectively. Wavelength (nm) Figure 5 illustrates the RT PL spectra of InGaN/GaN MQW with PSEL. This layer was located between barrier and well layers. growing the GaN barrier layer; (e). ramping down the temperature; (f). growing InGaN well layer. Figure 5 show the RT PL spectra of InGaN/GaN MQW with PSEL. Three different well growth time (well width) samples were invested in this study. The other growth condition including the well and barrier growth temperature, the temperature ramping rate, source flow rate, and period number were all the same. There are two peaks clearly revealed in this spectrum (denoted as peak A and Peak B). For the sample of well grow 18 sec, peak A located at 43 1 nm with higher PL intensity. This 43 1 nm peak corresponds to indium mole fraction of 21%. Moreover, peak B at 527 nm was much broad and lower PL intensity. This 527-nm peak corresponds to In mole fraction of42%. Table 1 shows the all data ofthree samples. Figure 5 displays 
RESULTS AND DISCUSSION
The MQW period is decreased while we increase the barrier growth temperature as illustrating in Fig. 2 . However, the source flow rate and well and barrier growth times are all the same for both samples. Thus the decrease indicates the well or barrier layer be etched as varying the growth temperature. We suggest the InGaN well layer might be etched more easily than GaN barrier layer. The growth temperature of InGaN well layer was 700°C, and the growth temperature of GaN barrier layer was up to 950°C. Supposing the annealing temperature higher than growth temperature, the semiconductor surface would slightly decomposition. On the contrary, the surface would not decomposition if the annealing temperature lower than growth temperature. Therefore, we interpret the InGaN well layer is etched during the temperature ramping up.
As to fig. 3 , the PL peaks wavelength shift from 443 nm to 424 nm as increasing the barrier growth temperature. As mention above, the InGaN well layer might be etched as ramping the growth temperature. Calculating the effective bandgap change as the well width reduce 0.4 nm by Eq. 2 E = (ii2n2,r2) where i is Planck's constant, m* effective mass and L is quantum well width. It is only 0.95 meV in bandgap change as reducing the well width 0.4 nm. However the PL spectra display the peak wavelength shift 134 meV. Furthermore, suppose the purely well width reduces result in the PL peak wavelength shift, the FWHM should be decreased as reducing the well width as indicated from the previous report. On the contrary, the FWHM increase 4 nm in the varied barrier growth temperature sample. Unknown factors affect the optical properties of MQW as increasing the barrier growth temperature. It has been reported that the lattice mismatch and the difference in the thermal expansion coefficient between the InGaN and the GaN layer resulted in the stress in InGaN layer. Varying the barrier growth temperature during growing MQW might increase or decrease this strain. In addition, this strain will cause bandgap widening or narrowing in InGaN layer. Therefore, the blue shift in PL peak wavelength might be caused by the stain arise from varying barrier growth temperature rather than only the reduce the well width. The mechanism of this strain is still unclear. Further study is required to completely understand the effect ofthis stain.
While epilayer growth on a substrate, it occurs in three distinct modes1241. Suppose the large strain energy between the substrate and the grown material, the Stranski-Krastanow (5K) growth mode will dominate. Foj 5K growth mode, a several-monolayer thin film, called a wetting layer, initially growth on the substrate surface. Then some cluster nucleation and form three-dimension island. In the InGaN/GaN MQW, large lattice constant difference produces strain energy between InN and GaN. Therefore, 5K growth mode is suggested to dominate in InGaN/GaN MQW. In Fig. 5 , peak A does not markedly shift as the well growth time vary from 18 sec to 12 sec and slightly shift 7 nm as the well growth time reduce to 6 sec. This finding implied that peak A is not sensitive to well width. Moreover, the peak wavelength ofpeak A is corresponds to an indium composition of2l%, which is very close to the 23% determined form x-ray diffraction. Thus peak A might originate the InGaN quasi-wetting layer on the GaN barrier surface.
Furthermore, peak B shift to low energy as increasing the well growth time implies that peak B is resulted from well-sensitive emission. As mention above, large lattice constant difference between InN and GaN will lead the indium segregation and phase separation. Increasing the well growth time will increase the InGaN cluster nucleation on the quasi-wetting layer surface. Therefore red shift in PL spectra is found as increasing well growth time. The broaden ofpeak B in Fig. 5 indicates the distribution oflnGaN island is not uniform. The origin of these two peaks is still unclear. Further and carefully study is required for understanding.
CONCLUSION
In summary, this study invests the effect of barrier growth temperature on the properties of InGaN/GaN MQW. Increase the barrier growth temperature will reduce the well thickness and result in the blue shift of the PL peak. This blue shift in PL peak wavelength might be owning to the in-plane tensile stain in varied barrier growth temperature rather than only the reduce the well width. Moreover, we introduce a phase separation enhance layer (PSEL) into InGaN/GaN MQW. This layerjoined with the variation of barrier growth temperature will enhance the phase separation in InGaN/GaN MQW. There are two peaks clearly revealed in RT PL spectra. The higher energy peak might originate the InGaN quasi-wetting layer on the GaN barrier surface. The other one is interpreted of localize state at potential fluctuation owning to phase separation. However, the origin of these two peaks is still unclear. Further and carefully study is required for understanding. 
